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Abstract: Co3O4 particles were supported on a series of activated carbons (G60, CNR, RX3, and RB3).
Incipient wetness method was used to prepare these catalysts. The effect of the structural and
surface properties of the carbonaceous supports during oxidation of benzyl alcohol was evaluated.
The synthetized catalysts were characterized via IR, TEM, TGA/MS, XRD, TPR, AAS, XPS, and N2
adsorption/desorption isotherm techniques. Co3O4/G60 and Co3O4/RX3 catalysts have high activity
and selectivity on the oxidation reaction reaching conversions above 90% after 6 h, without the
presence of promoters. Catalytic performances show that differences in chemistry of support surface
play an important role in activity and suggest that the presence of different ratios of species of cobalt
and oxygenated groups on surface in Co3O4/G60 and Co3O4/RX3 catalysts, offered a larger effect
synergic between both active phase and support increasing their catalytic activity when compared to
the other tested catalysts.
Keywords: benzyl alcohol; oxidation; activated carbon; cobalt oxide; heterogeneous catalysts
1. Introduction
The oxidation of alcohols to aldehydes or ketones is one of the most important transformations in
fine chemical industry [1] due to the versatility of the carbonyl group [2]. Various traditional reagents,
such as Cr and Mn oxides [3], have been used as catalysts, but as a result of their high toxicity and/or
poor atom economy [4], has promoted the search of other kind of oxidants. Sheldon [5] describes
the capability of molecular oxygen (O2) or hydrogen peroxide (H2O2) as oxidant agents, which are
environmental friendly. On this way many works have using these oxidants with supported metals
such as Pd [6], Pt [7], Rh [8] and Ru [9] as catalysts during the oxidation reactions. Although these
catalysts have showed important catalytic results, their high cost is the main problem. Thus, searching
for an alternative to the noble metal catalysts, supported Cu [10], Mn [11], Ni [12], or Co [13] oxides
has been proposed in the aerobic oxidations of alcohols. Within these “low cost” catalyst series,
the cobalt-based solids have exhibited high catalytic activity. In this case, the role of the Co3O4
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nanoparticles focus in the dehydrogenation of alcohols because they can provide Lewis acid sites [14].
Xiaoyuan et al. [15] developed a hybrid composite of cobalt based framework exhibited excellent
catalytic performance in selective oxidation of benzyl alcohol by using molecular oxygen. This catalyst
reaches an 89.5% alcohol conversion and 97.3% selectivity to benzaldehyde. Xiao et al. [16] prepared
a “sandwich” N-doped graphene/Co3O4 hybrid catalyst, which performed well catalytic efficiency for
alcohols conversion. It is well know that the structure and property of the active phase in the catalysts
are affected for the material used as the support. The study of the support effect on the catalytic
performance in all the reactions is very important [17]. Qiao et al. [18] observed a better behavior with
catalysts of Co3O4 supported on hydrotalcite.
It has been noticed that Co3O4 nanoparticles supported on activated carbon (AC) were highly
active for benzyl alcohol oxidation to the corresponding aldehyde. Zhu et al. obtained a 100% benzyl
alcohol conversion to 3 h and selectivity of 87.3% to benzaldehyde, they have showed that the presence
of oxygen species from functional groups of the AC surface might participate in the reaction and
those are subsequently regenerated by oxygen present in the reaction environment [14,19]. Despite
the previous use of Co3O4 supported on AC, little information is available in the literature regarding,
in particular, the effect of the structural and surface properties of the carbonaceous supports. It has
not been much discussed the interaction between both the AC surface and Co3O4 nanoparticles in
the oxidation reactions of benzyl alcohol. Thus in this work, four commercial AC from different
origin (G60, CNR, RX3, and RB3), were used as support and the cobalt oxide was deposited on them.
The incipient wetness method to obtain four catalysts different Co3O4/G60, Co3O4/RX3, Co3O4/CNR,
and Co3O4/RB3 was used. The effect of the structural and surface properties of Co3O4/AC-type
catalysts during the benzyl alcohol oxidation reaction was evaluated.
2. Results and Discussion
2.1. Characterization of the Supports and Catalysts
Figure 1A exhibit the XRD profiles of the activated carbons used as supports. The patterns show
that all of the AC samples might be mostly amorphous. However, the CNR and G60 carbons are
presented as a mixture of amorphous and crystalline graphitic phases, evidenced by the diffraction
observed at about 27◦ (2θ) [20], which was confirmed by transmission electron microscopy (TEM).
Co3O4/AC catalysts have a crystalline phase identified as a cobalt oxide spinel, which is very active
for the reaction studied here [14,19]. Figure 1B shows the characteristic XRD peaks of Co3O4 on
G60, at 2θ ≈ 19◦ ((111) face), 31.2◦ ((220) face), 36.8◦ ((311) face), 44.8◦ ((400) face), 59.3◦ ((511) face),
and 65.2◦ ((440) face).
Catalysts 2017, 7, 384    2 of 13 
 
Ni [12], or Co [13] oxides has been proposed in the aerobic oxidations of alcohols. Within these “low 
cost” catalyst series, the cobalt‐based solids have exhibited high catalytic activity. In this case, the 
role of the Co3O4 nanoparticles focus in the dehydrogenation of alcohols because they can provide 
Lewis acid sites [14]. Xiaoyuan et al. [15] developed a hybrid composite of cobalt based framework 
exh bited  excellent  catalytic  performance  in  selective  oxidation  of  benzyl  alcohol  by  using 
oxygen. This catalyst reaches an 89.5% alcohol conversi n and 97.3% selectivity  to benzaldehyde. 
Xiao et al. [16] prepared a “sandwich” N‐doped graphene/C 3O4 hybrid catalyst, which performed 
well catalytic efficiency fo  alcohols conversion. It  is well know that the structure  nd property o  
active phase  in  the  catalysts  are  affected  for  he material used  as  the  support. The  study of  the 
support  ff ct on the cat lyt c performanc  in all the reactions is very important [17]. Qiao et al. [18] 
obs ved   better behavior with catalysts of Co3O4 supported on hydrotalcite. 
It ha  been noticed tha  Co3O4 nanoparticles supported on activated carbon (AC) were highly 
active  for  benzyl  alcohol  oxidation  to  the  corresponding  aldehyde.  Zhu  et  al. obtained  a  100% 
benzyl alcohol conversion to 3 h a d sel ctivity of 87.3% to benzaldehyde, they have showed that 
the presence of oxygen species  from  functional groups of  the AC surface might participat   in  the 
reaction  and  thos   are  subseque tly  regenerated by oxygen presen   in  the  reaction  nvironment 
[14,19]. D spite  the previous use of Co3O4 support d on AC,  little  nformati   is available  in  the 
literatu   regarding,  in  particula ,  the  effect  of  the  structural  and  surface  properti s  of  the 
carbonaceous supports. It has no  been much discuss d the int raction between both the AC surface 
and  Co3O4  nanoparticles  in  the  oxidation  reactions  of  benzyl  alcohol.  Thus  in  this  work,  four 
commercial AC  from different origin  (G60, CNR, RX3,  and RB3), were us d  as  support  and  th  
cobalt oxide was deposited on them. Th  incipient wetness met od to obta n four cataly ts  ifferent 
Co3O4/G60,  Co3O4/RX3,  Co3O4/CNR,  a d  Co3O4/RB3 was  used.  The  effect  f  the  structural  and 
surface  properties  of Co3O4/AC‐type  atalysts  during  the  benzyl  alcoh l  oxidation  reaction was 
evaluated. 
2. Results and Discussion 
2.1. Characterization of the Supports and Catalysts 
Figure 1A exhibit the XRD profiles of the activated carbons used as supports. The patterns show 
that all of  the AC samples might be mostly amorphous. However,  the CNR and G60 carbons are 
presented as a mixture of amorphous and crystalline graphitic phases, evidenced by the diffraction 
observed at about 27° (2θ) [20], which was confirmed by transmission electron microscopy (TEM). 
Co3O4/AC catalysts have a crystalline phase identified as a cobalt oxide spinel, which is very active 
for the reaction studied here [14,19]. Figure 1B shows the characteristic XRD peaks of Co3O4 on G60, 
at 2θ ≈ 19° ((111) face), 31.2° ((220) face), 36.8° ((311) face), 44.8° ((400) face), 59.3° ((511) face), and 
65.2° ((440) face).   
 
Figure 1. XRD of (A) supports: (a) RB3, (b) RX3, (c) G60 and (d) CNR; and (B) Co3O4/G60 catalyst. Figure 1. XRD of (A) supports: (a) RB3, (b) RX3, (c) G60 and (d) CNR; and (B) Co3O4/G60 catalyst.
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Table 1 summarizes the surface area (SBET), adsorption parameters (Vµ: micropore) calculated
from the N2 adsorption isotherms, the average pore diameter, TPR, and XPS results for all supports.
As expected [20,21], all the samples present high SBET values, between 900 and 1500 m2 g−1 [22,23]
being the highest for RX3 and CNR. All of the supports show differences in the total pore volume
caused by their differences in the manufacturing method. G60 and CNR have the larger values of VS.
Notably, G60 has a significantly larger average pore size, while the other supports present lower and
similar values.
Table 1. Physicochemical properties, TPR and XPS results of the activated carbon (AC) support.
Sample SBET(m2 g−1)
Vµ
(cm3 g−1)
Pore Size
(nm)
TPR XPS
Area (a) Tmax (◦C) (b) BE O 1s (eV)
G60 978 0.336 41.1 41,159 680 531.2–532.9
RB3 1133 0.520 24.3 38,296 696 531.2–532.9
RX3 1524 0.622 26.7 42,368 688 531.3–533.1
CNR 1503 0.680 24.4 39,707 739 531.3–533.3
(a) Area under the peaks from hydrogen consumption (deconvolution); (b) Maximum temperature of the main peak.
For H2-TPR results of AC, a broad peak for each support with maximum between 680 and 740 ◦C
was observed. According to Table 1, the H2-TPR curves had similar Tmax but for the CNR sample shifted
to 50 ◦C, indicating that CNR support has functional groups, which are reduced with greater difficulty.
Those hydrogen consumptions observed at high temperatures are assigned to the support reduction
and the presence of impurities [24,25]. Area under the peaks from hydrogen consumption estimates an
amount of reducible species from several groups present on support surface, specially oxygenated such
as phenol, carboxyl, and carbonyl groups, etc.; as well as nitrogen containing groups. Thereby, a slight
difference in area under the peaks was observed, being highest for the RX3 and G60 supports.
IR spectra for all carbonaceous supports are presented in Figure 2A. Surface differences of supports
were also observed in the IR characterization. All of the supports present the same signals between
3447 and 1621 cm−1, assigned to bond stretching vibrations (O–H) of the carboxylic hydroxyl group.
Vibrations of carbonyl group (C=O) occurring between 1700 and 800 cm−1, and vibration of ether,
lactones, phenols, and epoxide groups occurring in the region between 1500 and 700 cm−1 [26–28]
were found. In Figure 2B, intensities of these signals differed between the activated carbon samples,
indicating that the concentration of several functional groups on the surface, are quite different.
IR analysis of the catalysts indicates that there are changes in functional groups on the AC surface as
a result of cobalt oxide deposition. Furthermore, bands at 572 and 664 cm−1, which correspond to
the stretching vibration of Co–O in cobalt oxide [29,30], are very strong in the case of the G60-based
material. The intensity of the characteristic IR vibration bands for carbonyl, quinone, and carboxyl
groups decreased upon the incorporation of cobalt oxide onto each support is made, presumably as
a result of the functional groups-cobalt oxyhydroxide species interaction during the impregnation and
calcination steps [22]. The Thermogravimetric Analysis/Mass Spectrometry (TGA/MS) profile of all
carbonaceous supports is presented in Figure 3. From the CO and CO2 desorption, as the temperature
is increased, it is possible to obtain information about the different superficial groups present on the
support [31,32]. In Figure 3B, the CO desorption peaks show an evolution from 700 to 1000 ◦C mainly
for the RX3, G60, and RB3 supports, which could be attributed to carbonyl and quinone groups [31,32].
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promotes  the generation of active oxygen  species,  superoxide, and peroxides mainly, which will 
interfere in the oxidation reaction of alcohols [14,34,35]. These analyses are consistent largely with 
the IR analysis and TPR‐H2 (Table 1).   
Table 1 and Figure 4A present O1s BE values and spectra for the carbonaceous supports. From 
the deconvolution  of O  1s XPS  spectra,  it  is possible  to  obtain  additional  information  about  the 
nature of the surface oxygen groups on each support. All of the AC supports present two peaks at 
ca. 531 and 533 eV, which are representative of the typical C=O groups. The first peak is attributed 
Figure 2. IR s ( ) supports: (a) G60, (b) RX3, (c) RB3, and (d) CNR; (B) catalysts:
(a) Co3O4/RB3, (b) Co3O4/RX3, (c) Co3O4/CNR, (d) Co3O4/G60.
The CNR carbonaceous support shows two peaks in CO desorption with two maximum at 676
and 971 ◦C, which are related with the presence of phenol, ether, carbonyl/quinone, and anhydride
groups on the surface, indicating that this support have weaker groups. In Figure 3A, CO2 evolution
with different intensities and peaks are shown for each support. Initially, a peak from 150 to 450 ◦C
is assigned to carboxylic acid groups; for temperatures below 400–650 ◦C, a characteristic peak of
carboxylic anhydride groups protrudes; also from 600 to 900 ◦C a final peak is observed generated
from anhydrides and lactone groups, which are more stable systems [33]. The G60, RX3, and CNR
supports present throughout the analysis the greatest intensity peaks when compared with the RB3
support profile, which is less intense, indicating differences in quantity, nature, and thermal stability
of functional groups of the supports.
Catalysts 2017, 7, 384    4 of 13 
 
 
Figure  2. IR spectra  of  (A)  supports:  (a) G60,  (b)  RX3,  (c)  RB3,  and  (d)  CNR;  (B)  catalysts:  (a) 
Co3O4/RB3, (b) Co3O4/RX3, (c) Co3O4/CNR, (d) Co3O4/G60. 
The CNR carbonaceous support shows tw  peaks in CO deso ption with two maximum at 676 
and 971 °C, which  r  related with the pre ence of phenol, ether, carbonyl/qui one, and anhydride 
groups  on  the  surface,  i d cating  that  this  support  have  weaker  groups.  In  Figure  3A,  CO2 
evolution with different intensities and peaks are shown for each support. Initially, a peak from 150 
to 450 °C is ass gned to carboxylic acid g oup for temperatures below 400–650 °C, a characteristic 
peak of carboxylic anhydride groups p trudes; also  fro  600  to 900  °C a  final peak is observed 
generated from anhydrides and lactone groups, which are more stable s stems [33]. The G60, RX3, 
and CNR  sup orts present  throughout  the  a alysis  the greatest  inten ity pe ks when  compared 
with the RB3 support profile, which  is  l ss  intense,  indicating differe ces  in quan ity, n ture, and 
thermal stability of functional groups of the supports.   
 
Figure 3. TGA/MS of AC supports. (A) Desorption of CO2 and (B) Desorption of CO. 
The  total areas of CO, CO2, and O2 obtained by TGA/MS analy is deconvolution for  the AC 
supports are shown in T ble 2. By comparing the re ults is possible to  ee that the CNR, RX3, and 
G60 supports have greater amount of functional grou s compared to RB3 su port. It is important to 
know the amount of fu ction l groups present in support, their both decomposition and stabil ty, 
because ose groups  can  in eract with  the  active phase Co3O4 and with molecular oxygen. This 
promotes  generation of active oxygen  species,  superoxide, and pe oxide  mainly, which will 
interfere in the oxidation re ction of alcohols [14,34,35]. These analyses are consistent largely with 
the IR analysis and TPR‐H2 (Table 1). 
Table 1 and Figure 4A pre ent O1s BE values and spec ra for the carbo aceous supports. From 
the deconvol tion  f O  1s XPS  spectra,  it is  ossible  t   obtain  additional informa ion about  the 
nature of the surface oxygen groups on each support. All of the AC supports present two peaks at 
ca. 531 and 533 eV, which are representative of the typical C=O groups. The first peak is attributed 
Figure 3. TGA/MS of AC supports. (A) Desorption of CO2 and (B) Desorption of CO.
The total areas of CO, CO2, and O2 obtained by TGA/MS analysis deconvolution for the AC supports
are shown in Table 2. By comparing the results is possible to see that the CNR, RX3, and G60 supports
have greater t f f cti l r s compared to RB3 support. It is important to know the amount
of functional groups present support, thei bo h decomposition and stability, bec use those groups
can interact with the ac ve phase Co3O4 and with molecular oxygen. This pro otes the generation of
act ve xyge sp cies, superoxide, and per xide mainly, which will interfere in the oxidation rea tion of
alcohols [14,34,35]. These analyses are c nsistent largely with t e IR a al sis and TPR-H2 (Table 1).
Table 1 and Figure 4A present O1s BE values and spectra for the carbonaceous sup orts. From the
deconvolution of O 1s XPS spectra, it is possible to obtain additional information about the nature of the
surface oxygen groups on each support. All of the AC supports present two peaks at ca. 531 and 533 eV,
which are representative of the typical C=O groups. The first peak is attributed to the oxygen atoms in
carbonyl, esters, amides, and anhydrides groups; while, the second peak is associated to the oxygen atoms
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in ether, esters, and anhydrides groups [27,36]. In Figure 4A can be noted that both G60 and RX3 supports
have similar spectra, being the peak at 531 eV the most intense; by contrast, it is observed for RB3 where
the highest peak is at 533 eV, it may indicate high presence of carboxyl groups, while the CNR support has
similar intensities in these two peaks, indicating that this support has equivalent quantities of those groups.
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Morphological  differences  in  the  AC  samples were  also  identified  via  TEM.  As  shown  in 
Figure 5, RX3, RB3, and G60 carbons (Figure 5A–C, respectively) are amorphous, whereas TEM of 
CNR  (Figure 5D) shows a graphite structure  throughout  the activated carbon,  in agreement with 
the XRD analysis Figure 1A.   
Table  3 presents  the BET  (Brunauer–Emmett–Teller)  surface area values, metal  loading, and 
XPS results for the catalysts under study. All of the samples exhibited a decrease in SBET values as 
compared to the respective activated carbon values as a result of pore clogging by cobalt species. It 
was observed  that  the  loading of cobalt varied among  the different samples.  It  is known  that  the 
differences  in  support  surface  chemistry  have  a  profound  effect  at  every  stage  of  catalyst 
preparation [26] and played an important role affecting the impregnation of Co species. 
H2‐TPR analysis of the catalysts (Figure 6) shows the presence of very similar peaks for each 
supports with  differences  in  the  intensity  for  each  peak.  The  reduction  of  the  species  of  cobalt 
indicates the presence of Co3O4, initially a peak around 250–350 °C is attributed to the reduction of 
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Figure 4. (A) O1s BE spectra by XPS of the s rts: 60, B3, RX3 and CNR; (B) XPS spectra for BE
Co 2p3/2 of the catalysts: o/G60, Co/RB3, Co/RX3 and o/CNR.
Table 2. Total area of CO, CO2 and O2 obtained by TGA/MS deconvolution of the AC supports.
Sample CO (µmol/g) CO2 (µmol/g) O2 (µmol/g) Total Area
G60 91.0 37.2 16.6 144.8
RB3 55.9 20.6 11.7 88.2
RX3 94.1 36.9 16.9 147.9
CNR 115.6 30.3 9.9 155.8
Morphological differenc s in the AC samples wer also identified via TEM. As shown in Figure 5, RX3,
RB3, and G60 carbons (Figure 5A–C, respectively) are amorphous, whereas TEM of CNR (Figure 5D) shows
a graphite structure thr ughout the activated carbon, in agreement with the XRD analysis Figure 1A.
Table 3 presents the BET (Brunauer–Emmett–Teller) surface area values, metal loading, and XPS
results for the catalysts under study. All of the samples exhibited a decrease in SBET values as compared
to the respective activated carbon values as a result of pore clogging by cobalt species. It was observed
that the loading of cobalt varied among the different samples. It is known that the differences in
support surface chemistry have a profound effect at every stage of catalyst preparation [26] and played
an important role affecting the impregnation of Co species.
H2-TPR analysis of the catalysts (Figure 6) shows the presence of very similar peaks for each
supports with differences in the intensity for each peak. The reduction of the species of cobalt indicates
the presence of Co3O4, initially a peak around 250–350 ◦C is attributed to the reduction of Co3O4 to CoO;
later, a second peak around 400–500 ◦C attributed to the reduction of CoO to Co0 [37]. Similarly, it is
observed a peak around 500 ◦C, attributed to methane produced by AC supports hydrogenation due to
the catalytic influence of the catalysts themselves [38,39]. These results are according to TPR analysis,
indicating the presence of both Co3O4 and CoO species during the oxidation reaction conditions.
In ad ition, this analysis all ws obtaining further inform ti n about the amount of functional groups
present in the catalysts, by measuring the peak area for all around 600–900 ◦C (Table 3). It is clear that
the amount of functional groups in the catalysts is decreased as follows: Co3O4/G60 > Co3O4/RX3
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> Co3O4/RB3 > Co3O4/CNR; this tendency is maintained after the thermal treatment during the
synthesis, which is similar to the characterization results of the supports by H2-TPR and TGA/MS.
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Figure 5. Transmis ion electron microscopy (TE ) i ages of AC supports: (A) G60; (B) RX3; (C) RB3;
and, (D) CNR.
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Table 3. Metal loading, BET surface area, H2-TPR and XPS results of the catalysts.
Catalyst SBET(m2 g−1)
Metal Loading
(wt %) TPR Area
(a)
XPS
BE Co
2p3/2 (eV)
Co3+/Co2+
(at./at.)
Co/C
(at./at.)
BE O 1s
(eV)
Co3O4/G60 777 15.2 202,855
.
. 1.07 0.041
530.2
532.1
Co3O4/RB3 452 8.4 114,036
779.8
781.3 0.99 0.092
529.9
531.5
533.3
Co3O4/RX3 1007 10.8 129,193
779.9
781.2 0.62 0.033
530.3
532.1
Co3O4/CNR 969 9.8 66,562
780.6
782.4 0.56 0.044
531.2
533.4
535.3
Co3O4/G60
Used Catalyst 729 9.5 200,025
779.9
781.7 1.28 0.046
530.3
532.1
534.0
(a) Area under the peaks of AC from hydrogen consumption (deconvolution).
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Surface properties of the catalysts were investigated via XPS. In all of the samples, three peaks
for the Co 2p3/2 signal were detected. According to the literature [40], peaks at 779.5 and 780.8 eV
correspond to Co3+ and Co2+ species, respectively. All of the supported catalysts present both binding
energy corresponding to Co3+ and Co2+ species in Co3O4 and CoO compounds. These results agree
with TPR analysis, indicating the presence of both Co3O4 and CoO species during the oxidation
reaction conditions. The XPS spectra for BE Co 2p3/2 for catalysts after deconvolution are shown
in Figure 4B. The third signal detected by XPS is observed in Figure 4B at 784.7 eV corresponds to
the shake-up satellite of the Co 2p3/2 species, observed in compounds such as Co(NO3)2, Co3O4,
Co2O3, and CoO [29]. The Co3+/Co2+ superficial atomic ratio for all of the supported catalysts is
shown in Table 3. The CoOx/G60 catalyst has the largest surface atomic ratio, indicating a larger
concentration of Co3+ species on the catalyst surface. When RB3 is used as support, the amount of
Co3+ and Co2+ surface species is similar. The Co/C surface atomic ratio was used as a measure of
Co surface dispersion. The largest value was observed with Co3O4/RB3, while the other samples
had less dispersion. This assignment has to be taken cautiously, because it cannot be ensured that all
Co species are being detected by XPS. The deconvolution of O 1s signal, low values can be seen at
529–530 eV, corresponding to O2− species of Co3O4 and CoO. The different values for the O 1s peak
(Table 3) from 531 to 535 eV in all of the catalysts could be assigned to the oxygen in the surface groups
of the carbon support such as carbonyl (or quinone), anhydride (or lactone), and carboxyl groups,
according to Figueiredo et al. [27]. The XPS results of all of the catalysts show three peaks for the C 1s
signal at ca. 284.3 eV, 285.1 eV, and 286.4 eV. The first peak could be associated to graphitic carbon,
while the last two peaks correspond to C=O, C=C, CNH2, COH, and COC signals [40]. It is known
that the carbons surface is usually complex, present several groups, specially oxygenated and also
nitrogen-containing groups. The surface chemistry of these supports is usually modified during the
preparation of supported catalysts, and it may affect the surface dispersion of the active phase.
2.2. Catalytic Tests
In Figure 7, the total conversion values as a function of time for all catalysts in study are
shown. The different Co3O4/AC catalysts were tested in the partial oxidation reaction of benzyl
alcohol to produce benzaldehyde. In this figure, Co3O4 unsupported active phase, AC and the blank
without catalyst were also evaluated. Blank and all AC support-only reactions lead practically the
same conversion (6 to 7–10%, respectively; after 6 h of reaction). The conversion in the presence of
unsupported active phase, Co3O4, in an amount equivalent the cobalt oxide impregnated on the AC
supports was 48.7%. The catalytic properties of cobalt oxide are due mainly to its Lewis acid nature [14].
Additionally, several reports [14,41,42] indicate that the Co3O4 oxide systems used as catalysts in
oxidation reactions and described in the literature have a spinel structure, which is conformed with both
Co+2 and Co+3 ions. However, the high catalytic activity of the spinel in oxidation processes is related
to the weaker Co(III)-O bond, i.e., to the higher oxidation state of the cation [41]. Conversion values
of 100%, 90.2%, 76.4%, and 66.2% after 6 h of reaction were obtained using Co3O4/G60, Co3O4/RX3,
Co3O4/CNR, and Co3O4/RB3 catalysts, respectively.
The Co3O4/RX3, Co3O4/RB3 catalysts, and Co3O4 showed catalysts deactivation, it process could
be attributed to the presence of water product of the reaction or decrease in oxidation in the catalytic
system. Bartholomew [43] indicates that the oxidation of the metal phase by water leads to the formation
of inactive metallic oxides and to the sintering of the active phase due to the presence of water. Selectivity
to benzaldehyde was 99% at 40% of conversion in all of the cases (Table 4) but the presence of benzoic
acid was observed after the total conversion in the most active catalyst (Co3O4/G60).
Furthermore, the catalyzed reaction by Co3O4/RB3, Co3O4/CNR, and Co3O4/RX3 presents
an induction period that lasts between 30 min and 1 h. This could be attributed to several factors
involving the cobalt species and the support, the results of XPS (Table 3) we observe that the atomic
ratio Co+3/Co+2, are 0.99, 0.56, and 0.62 for the catalysts Co3O4/RB3, Co3O4/CNR, and Co3O4/RX3,
respectively. These values are variable for the species of cobalt showing that the cobalt species +2
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is greater what could generate some period of induction. This phenomenon could be occurring
because Co species are in a non-active phase, and during the first minutes the reaction conditions
lead to its activation. The work of F.X. Llabrés i Xamena et al. [44] showed that the use of the cobalt
catalyst (Co2+/MOFs) involves a long induction period for the tetralin oxidation reaction. It could be
suggested that some cobalt need activation during the reaction conditions but some additional research
is necessary to reach a better understanding about this induction time on the catalytic behavior of the
catalysts studied.
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e comparing the results of catalytic oxidation of the active phase and the activated carbon supports,
48% and 7–10% conversion, respectively, we observed that all four catalysts evaluated have better
catalytic performance in this reaction with synergism between Co3O4 and A , its activity decreases as
follows:Co3O4/G60 > Co3O4/RX3 > Co3O4/CNR > Co3O4/RB3 (Table 4). The catalysts with higher
activity are those supported on G60 and RX3 activated carbons, while the catalysts synthetized with
supports CNR and RX3 showed lower activity, the catalysts from G60 and RX3 supports were those
with the largest content of surface functional gro ps based on TPR and TPD analysis (Tables 1–3).
In this order, it may be attributed to the properties found in the supports and properties of the
impregnated active phase.
hen consi ering that the active phase content in each catalyst is ifferent, these values are
nor alized by finding the catalytic activity with respect to the cobalt loading (Tables 3 and 4). It could
be demonstrated that the best catalytic behavior was for Co3O4/G60 during the oxidation reaction of
benzyl alcohol, which could be associated to the highest presence of Co3+ superficial species (Co3+/Co2+
atomic ratio = 1.07), detected by XPS, and the high presence of functional groups on this catalyst, while
Co3O4/RB3 catalyst showed a lower activity having a similar amount of Co+3 (Co3+/Co2+ atomic
ratio = 0.99) but with a lower presence of functional groups, indicating less synergism between both
support and active phase. In the same way, conversions demonstrated the same tendency in the
catalytic performance for Co3O4/RX3 and Co3O4/CN . The enhanced activity stems in part from
synergetic effect between Co3O4 and AC, hen compared to the unsupported oxide and the AC tested
individually. These results suggest that the differences in surface chemistry of AC supports such as
amount of groups, morphology, and texture, and also the amount, type and ratio of cobalt species
impregnated led to changes in the catalysts, and thus to different activities.
Reusability of the Co3O4/G60 catalyst for the benzyl alcohol oxidation reaction was studied.
After the first use in reaction the catalyst was filtered, washed, calcined, and recycled once.
Catalysts 2017, 7, 384 9 of 12
Total conversion decreased ca. 10%, while the selectivity to benzyl alcohol remains above 99% during
the recycle run although a loss of Co loading (ca. 37%) on catalyst was observed (Table 4). The XPS
analysis (Table 3) from fresh and used Co3O4/G60 catalyst showed no significant change in the Co
2p3/2 BE position. A slight increase in the area under the Co peak that corresponds to Co3+ species in
the used catalyst is noted. A small increase in the Co/C superficial atomic ratio was observed in the
used catalyst, according to the AAS results.
Table 4. Catalytic activity of Co3O4/AC catalysts.
System Conversion (%) * Selectivity (%) * Cobalt (wt %) Catalytic Activity(mmol BA h−1g−1Co )
Co3O4 48.7 ≥99 - -
Co3O4/G60 100 ≥99 15.2 4.2
Co3O4/RX3 90.1 ≥99 10.8 3.4
Co3O4/CNR 76.3 ≥99 9.8 0.25
Co3O4/RB3 66.5 ≥99 8.4 0.30
Co3O4/G60
(Used Catalyst) 89 ≥99 9.5 3.1
* Selectivity to 40% of reaction.
3. Materials and Methods
3.1. Catalyst Preparation
Four commercial AC were used as supports in this study: G60 (steam-activated carbon produced
by Darco), RX3 Extra (acid-washed steam-activated carbon, from Norit), CNR115 (phosphoric acid
activated carbon, from Norit), and RB3 (steam-activated extruded carbon, from Norit). All activated
carbons were purchased from the CABOT Corporation (Boston, MA, USA). The supports were
macerated and sieved to a particle size of 100 µm and all of the supports were not modified with
oxidizing agents. Impregnation of cobalt on the support was performed by the incipient wetness
method as follows: 0.5 g of Co(NO3)2·6H2O (Merck, 99.9%) (Merck, Darmstadt, Germany) were
dissolved in 5 mL of water and then 1 g of AC (G60, RX3, CNR or RB3) was added to the solution.
The mixture was then dried in air at 110 ◦C for 12 h. The resulting solid was treated under He
flow during 2 h at 350 ◦C (heating rate of 5 ◦C min−1). Co3O4 unsupported active phase was used
in a comparative way. This was synthesized with the same conditions with which the catalysts
were prepared.
3.2. Catalyst Characterization
BET surface areas were measured by N2 physisorption at −196 ◦C with a Micromeritics Flowsorb
II 2300. Infrared spectra (IR) (400–4000 cm−1) were obtained by using a Nicolet IR-200 instrument
(Thermo Fisher Scientific, Waltham, MA, USA) in transmission mode. TEM images were obtained
by an electron microscope JEOL 1200EX (JEOL, Tokyo, Japan) operating at 90 kV. X-ray Diffraction
(XRD) was measured in a RIGAKU Miniflex II diffractometer (Rigaku, Tokyo, Japan), using Cu
Kα radiation (λ = 1.5405 Å) at 15 mA and 30 kV, in the 10◦ < 2θ < 65◦ range, and a scan speed
of 2◦ min−1. The metal loading was determined by Atomic Absorption Spectroscopy (AAS) in
Thermo-Electron series S equipment (Thermo Fisher Scientific, Waltham, MA, USA). Surface chemistry
were quantified in DTA/TGA-TA Instruments SDT Q600 (TA Instrument, New Castle, DE, USA)
coupled to a Hiden Mass Spectrometer 0–200 amu, temperature program from 25 to 1000 ◦C and
a ramp of 20 ◦C min−1 in He atmosphere at a flow of 100 mL min−1. Temperature-Programmed
Reduction with H2 (H2-TPR) were measured using 10% H2/Ar as a reducing gas in a Micromeritics
Autochem II 2920 (Micromeritics, Norcross, GA, USA). The gas flow rate was 25 mL min−1 and flow
controllers at 10 ◦C min−1. Calibration was made with CuO 99%, Merck (Merck, Darmstadt, Germany).
The area under the peaks from hydrogen consumption was determined by the deconvolution using
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the Fityk programme. XPS measurements were acquired in a VG-Microtech Multilab equipment
(VG-Microtech, East Grinstead, UK) with a MgKα (hν: 1253.6 eV) radiation source, passing energy
of 50 eV and pressure of 5 × 10−7 Pa. A careful deconvolution of the spectra was made and the
areas of the peaks were estimated by calculating the integral of each peak after subtracting a Shirley
background and fitting the experimental peak to a combination of Lorentzian/Gaussian lines of
30–70% proportions.
3.3. Catalytic Tests
The oxidation of benzyl alcohol was carried out in a glass stirred semi-batch reactor provided
with a thermometer and a reflux condenser. Catalytic tests were performed by using 0.2 mMol of
benzyl alcohol (Merck, 99.5%), 20 mL of toluene used as solvent (Merck, 99.9%), 0.1 g of catalyst,
750 rpm to eliminate the external diffusional limitations, and an O2 stream of 50 mL min−1 at
80 ◦C for 6 h. Reactant and products were analyzed with a Shimadzu GC14A Gas Chromatograph
(Shimadzu, Tokyo, Japan) equipped with a Flame Ionization Detector and a Varian VF-1 capillary
column. To get an idea of the reusability of the catalysts, after the reaction the solid catalysts were
removed from the reaction mixture by filtration, and then washed and dried at 100 ◦C for 1 h. Finally,
the solid was calcined at 400 ◦C in an inert stream during 2 h and used again in reaction.
4. Conclusions
Co3O4 particles were deposited on four AC supports with different physical-chemical properties.
These catalysts were evaluated in the partial oxidation of benzyl alcohol and compared with
unsupported Co3O4. The unsupported active phase Co3O4 that resulted was less active than the
supported oxide, showing that it is important in the distribution, ratio, type, and amount of Co species
on the activated carbon support, because the physical-chemical properties of AC as a support have
a direct impact over the oxide.
The four catalysts have good results in the conversion of benzyl alcohol, and all of them showed
high selectivity toward benzaldehyde (>99%), the desired product of the partial oxidation reaction.
The catalyst prepared with Co3O4 particles over G60 and RX3 supports are more active for benzyl
alcohol oxidation reaction with activity values of 4.2 and 3.4 mmol BA h−1 gCo−1, respectively.
The highest concentration of surface oxygen functionalities and the best physical-chemical properties
in the catalysts can help in increasing the activity in the alcohol oxidation. Nevertheless, additional
research is necessary to reach a better understanding about the effect of support on the catalytic
behavior of the catalysts studied. For the Co3O4/G60 catalyst, the reusability during the partial
oxidation of benzyl alcohol was studied. After the first cycle of reaction, the total conversion decreases
ca. 10%, while selectivity to desired product values was relatively constant.
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